ABSTRACT Recent models of star formation suggest that the mass of a star is largely determined by its history of motion through its natal molecular cloud. Such motions may be observable in the early stages of star formation. We have looked for the relative shifts of line-center velocity in low [ 13 CO (1-0) and C 18 O (1-0)] and high [ N 2 H + (1-0)] density tracers toward a sample of 42 low-mass star-forming cores. Our results indicate that any motions of the high-density cores with respect to their low-density envelopes are very small (P0.1 km s À1 ) compared to the motions expected from models of ballistic movement. We therefore conclude that isolated cores do not generally move ballistically with respect to their surrounding envelopes.
INTRODUCTION
Explaining the initial mass function ( IMF ) remains one of the main challenges for star-formation theories today. Recent sites of star formation, from small clouds to giant molecular clouds within our Galaxy to ancient globular clusters, all show a remarkable similarity in their IMFs ( Kroupa 2002) . Shu et al. (1987) review the standard model of isolated star formation, in which a star's final mass is determined by the mass of material in the surrounding molecular core that is accreted onto the star. However, recent simulations of star formation in clusters (e.g., Bonnell et al. 1997 Bonnell et al. , 2001 ) suggest that the mass of a star is determined more by its path through the molecular cloud material. Thus, if a forming star travels through the densest part of a molecular cloud, it is able to accrete more material. The potential well of the cloud also helps bring material to the forming stars near the center. There is some observational evidence to back up this scenario, since massive stars are typically found toward the centers of clusters.
This theory of moving accretion requires that the forming star move ballistically with respect to its surrounding gas. Then the question arises: How early in the evolution of the star do these motions begin? Bonnell et al. (2001) note that their models of accretion onto young stars are ''equally appropriate for the growth of clumps in a molecular cloud.'' If ballistic motions are common for the dense cores likely to make stars, or that are forming stars, then it may be possible to measure these motions with precise Doppler spectroscopy using suitable millimeter-wavelength molecular lines. It is the purpose of this work to look for such motions.
If one takes a statistically large sample of sources with independent ballistic motions, some of these sources will show such motions along the line of sight. In these cases, it should be possible to measure a difference in the line-center velocity of a high-density core tracer with respect to a low-density envelope tracer. We have chosen N 2 H + (1-0) as our highdensity core tracer, since it has a high effective critical density ($2 ; 10 5 cm À3 ; Ungerechts et al. 1997) . We have chosen 13 CO (1-0) and C 18 O (1-0) as our low-density envelope tracers, as both molecules have low effective critical densities ($10 3 cm À3 ; Ungerechts et al. 1997 ). If cores move ballistically from their birth sites, we expect to see shifts in line-center velocities comparable to the line width of the CO spectra. This is because the CO line width is a representation of the escape velocity of the envelope. If the core is not moving ballistically, then we expect to see much smaller differences in line-center velocities, similar to the N 2 H + line width, which traces the internal random motions within the core.
OBSERVATIONS
Since we expect any velocity shifts to be a few tenths of a km s À1 , it is essential that we observe both the high-and lowdensity tracers at the same position and with similar beams in order to be confident that we are looking at the same column of material in each case. To achieve this, we have either used previous observations of N 2 H + (Caselli et al. 2002; Lee et al. 2001) or conducted our own observations with the 14 m telescope of the Five College Radio Astronomy Observatory (FCRAO) 1 in the northern hemisphere. We have also observed sources in the southern hemisphere with the Australia Telescope National Facility 22 m millimeter-wave telescope Mopra, near Siding Spring, Australia.
2 Sources were selected from Lee & Myers (1999) that have either good N 2 H + maps by Caselli et al. (2002) and Lee et al. (2001) The uncertainty in the rest frequency of each line is a potential source of error. The rest frequencies of 13 CO and C 18 O are determined from laboratory measurements and are well known. The errors in the 13 CO ( Winnewisser et al. 1985) and 1 The FCRAO is supported in part by the National Science Foundation under grant AST 94-20159 and is operated with permission of the Metropolitan District Commission, Commonwealth of Massachusetts.
2 The Mopra telescope is part of the Australia Telescope, which is funded by the Commonwealth of Australia for operation as a National Facility managed by CSIRO.
C
18 O ( Lee et al. 2001 ) rest frequencies are both less than 2 kHz ($0.004 km s À1 ), thus both CO lines are well determined compared to the accuracy of our measurements. However, the most recent laboratory determination of the N 2 H + rest frequency (Cazzoli et al. 1985) suffered from pressure broadening such that the hyperfine lines were not fully resolved. Therefore, we use the value determined by Lee et al. (2001) for the isolated component of the N 2 H + hyperfine structure calculated by comparing line velocities of L1512 in N 2 H + and C 18 O. While we consider this determination of the rest frequency to be the most accurate to date, we can compare it to older values, such as those quoted by Lee et al. (2001) . A difference of 7 kHz is noted between older and newer values, equivalent to a velocity difference of 0.02 km s À1 . Since this difference is smaller than the typical line width of N 2 H + in our observations, we assume that the N 2 H + rest frequency is well determined for our purposes. We adopt rest frequencies of 110201.35393 MHz ( Winnewisser et al. 1985) and 109782.173 MHz ( Lee et al. 2001) for 13 CO (1-0) and C 18 O (1-0), respectively. The rest frequency of N 2 H + is assumed to be 93176.258 MHz for the isolated hyperfine component ( Lee et al. 2001 ).
FCRAO Observv ations
Observations in the northern hemisphere were made with the FCRAO radio telescope on 2003 March 5-7. Cores that have good N 2 H + maps available were selected from Lee et al. (2001) and Caselli et al. (2002) . We observed all cores simultaneously in 13 CO (1-0) and C 18 O (1-0). In addition, four sources were observed in N 2 H + (1-0) in order to check the consistency of previous N 2 H + observations with our data. We used SEQUOIA, a Monolithic Microwave Integrated Circuit ( MMIC) multibeam receiver with a 32 pixel array arranged as two 4 ; 4 arrays with orthogonal polarizations. The spectrometer is a digital autocorrelator with 1024 channels. Our spectral resolution was 25 kHz, corresponding to about 0.08 km s À1 . This allowed us to produce fully sampled maps !6 0 ; 6 0 at a resolution of $50 00 , with a total integration time of $30 minutes. Our observations were made using the on-the-fly technique and utilizing a reference position typically offset 30 0 from the center position. It was usually necessary to search for a reference position without CO line emission. In some cases it was not possible to find a suitable reference position. System temperatures were usually between 150 and 200 K for the CO lines and 110 and 140 K for N 2 H + .
Mopra Observv ations
Observations in the southern hemisphere were made with Mopra on 2002 July 22-24. Cores were selected from the same sample as the FCRAO observations. No cores with previous N 2 H + observations were observed again with Mopra, but this is not a problem for this part of the work because N 2 H + Mopra observations were only compared to 13 CO and C 18 O observations with the same setup on Mopra. A simple position switching method was used by nodding the telescope 3 0 away in right ascension; therefore, no maps were made with these observations. The FWHM beam size is $35 00 . Observations were conducted with 64 MHz bandwidth, dual polarization, and 1024 channels per polarization (i.e., 62.5 kHz per channel corresponding to 0.21 km s À1 ). The actual onsource integration time varies from source to source but is typically 10 minutes.
RESULTS
Our results are summarized in Tables 1 and 2. N 2 H + velocities, errors, and line widths (FWHM) are reported for 41 sources;
13 CO and C 18 O data are reported in Table 2 for 21 and 34 sources, respectively. There are a total of 34 sources for which we have good data in both N 2 H + and at least one CO line, allowing us to directly compare their line-center velocities. An example image of the distribution of the three molecular lines is shown in Figure 1 . Sources observed with Mopra are denoted as ''SP'' in column (5) of Table 1 , as these observations included only single pointings.
We define an N 2 H + core as ''detected'' if it has a peak integrated intensity of at least 3 above the noise. The boundaries of N 2 H + cores are defined by the contour that traces 50% of the peak intensity, as shown by the black line in the left panel of Figure 1 . In a few cases, we need to separate multiple cores within the same field of view. To identify separate cores, we require that the valley of integrated intensity between the two proposed cores be at least 3 below the peak of the weakest core. Otherwise, we assume we only have one core with an extended morphology.
For each N 2 H + core, an integrated spectrum is produced from all the spectra within the 50% contour, and that spectrum is then fitted using the hyperfine structure ( HFS) fitting routine in the CLASS software package ( Forveille et al. 1989) .
3 The line-center velocity for each core is shown in Table 2 . We do not show errors for the line widths of each spectrum, because such errors are not useful for this paper. For a typical line width of 0.3 km s À1 and a typical signal-to-noise ratio of 10, we estimate a typical line width error of 0.03 km s À1 . For each 13 CO and C 18 O map, the emission over the same region as N 2 H + is integrated to give a single spectrum, which is typically fitted with a single Gaussian to derive the linecenter velocity shown in Table 2 . Some CO spectra show nonGaussian profiles, such as line wings or multiple components. Spectra with line wings were fitted with two Gaussians, one for the main peak and one for the line wings. Spectra with multiple components were fitted with two or three Gaussians. If it was clear that one of the Gaussian components was close to the N 2 H + line-center velocity, then that component was used. In some cases, Gaussian fits were not accurate enough to represent the spectrum, and the data were not used. Bad Gaussian fits were identified by comparing the rms noise in the residual to the rms noise in a line-free part of the spectrum. If the ratio of residual noise to line-free noise was greater than ffiffi ffi 2 p , then the fit was deemed to be inaccurate and was therefore not used.
DISCUSSION

Determination of Line-Center Velocity Errors
We need to know how precisely we can measure a linecenter velocity in order to identify any significant motions. The 1 velocity error in a single Gaussian fit (S ) follows equation (1),
where N is the rms noise in the spectrum, I is the peak intensity, Áv is the line width in km s À1 , and Á x is the channel width in km s À1 ( Landman et al. 1982 ). The case of predicting line-center velocity errors for multiple lines, such as the hyperfine structure of N 2 H + , is more complicated. This is because the N 2 H + lines may be blended, which will affect the goodness of fit. Therefore we use a Monte Carlo method to estimate errors: we simulate an N 2 H + spectrum of known rest velocity and line width and add random noise to the spectrum. We then fit the resulting spectrum using the HFS fitting routine in CLASS and compare the fitted velocity to the actual velocity. Over many trials, we are able to build up a distribution of fitted errors and determine the 1 error in the fit. In order to check our Monte Carlo method, we can also combine a single Gaussian profile with noise and compare the result to equation (1). We find that our Monte Carlo method agrees to within 5% of the theoretical value determined in equation (1).
Comparison of Prevv ious N 2 H + Observv ations to Our Data
In our analysis, we compare small velocity shifts between previous observations of the N 2 H + line ( Lee et al. 2001; Caselli et al. 2002) to our new CO observations. Therefore, we need to be confident that no systematic offsets exist in the data sets due to differing observation methods, software, etc. To accommodate this, we have observed three cores in N 2 H + that we can compare to previous measurements. The only difference between previous measurements and ours is that the QUARRY receiver on the FCRAO telescope was used in the old measurements, whereas SEQUOIA (on the same telescope) was used in ours. The rest frequency of N 2 H + used by Caselli et al. (2002) was slightly different from ours, so their data have been corrected for this small velocity shift (0.023 km s À1 ). The cores are B35, L1221, and L1552. For each core, we add spectra within the N 2 H + half-maximum contour in our data. A comparison of line-center velocities is shown in Table 3 . From these data we find that velocities are within AE0.03 km s À1 . Thus, we can be confident to within this uncertainty that previous N 2 H + observations can be reliably compared to our CO observations.
Comparison of
CO, and C
O Morphologg ies
We want to be sure that the CO we observe is directly related to the N 2 H + core, not unrelated CO along the line of sight. In order to account for this, we require that the integrated intensity morphologies of N 2 H + and CO species be similar. To quantify the similarity of the cores, we require that the peak of the CO emission lie within the 50% contour of N 2 H + and that the 50% contour of the CO species enclose the 50% N 2 H + contour. Figure 1 shows a core that satisfies our criteria. We define N 2 H + /CO cores satisfying these criteria as similar morphologies. Other cores are defined as dissimilar morphologies. We include those cores observed with only a single pointing in the definition of dissimilar morphologies, since we do not have any information on their structure. the average line widths for the three molecular species are shown in the top panel of Figure 2 . As mentioned previously, if there were significant motions of N 2 H + cores with respect to their CO envelopes, then we would expect to see a distribution in line-center velocity differences similar to that of the CO lines. If, on the other hand, we expect only random motions within the N 2 H + cores, then the distributions should be more like the N 2 H + line width. It is clear that the distributions are possibly narrower than the average N 2 H + line width and certainly narrower than the CO line widths. This is the case for both similar and dissimilar morphologies. Furthermore, although we have no information about the morphologies of the four sources with good N 2 H + and CO observations observed by Mopra, line-center velocity differences are again much smaller than the line widths. Table 4 summarizes the mean velocity difference for each molecular pair. We also show the standard error of the mean and the noise . The noise is a measure of the error in the mean velocity we expect from our velocity determinations purely due to noise in each spectrum. In comparing the standard error of the mean to the noise , we find that these are about equal. Thus, the general conclusion is that any velocity differences we do detect are, on the average, not significant. From these data we conclude that we see no evidence of ballistic motions of the dense N 2 H + core with respect to the CO envelope. Table 1 identifies those cores that are associated with a stellar source. Such stellar sources are identified in the IRAS Point Source Catalog ( Beichman et al. 1985) as having at least one pair of adjacent bands, both with high-quality detections and a stronger flux at the longer wavelength. IRAS sources are considered to be associated with a core if the position of the IRAS source is less than the distance of the average diameter of the core (defined by the 50% peak N 2 H + contour) away from the core peak N 2 H + intensity position. We note that the association criteria employed here are similar to those previously used by other authors, e.g., Jijina et al. (1999) . Within the sample of 34 mapped cores, 17 (50%) are associated with a stellar source. Table 4 shows the line-center velocity difference averages for cores with and without associated stars. Assuming that the cores with associated stars are, on the average, older than the others ( because they have had enough time to form stars and for the cores to develop relative motions), we would expect cores with associated stars to show larger differences in their core and envelope line-center velocities. However, we find no significant difference between cores with associated stars and those without in the histogram of core-envelope velocities.
Stellar Counterparts to the Cores
Assuming that it takes of the order of 1 Myr to form a star, the fact that so many stellar sources are located close to their presumed birthplaces (the N 2 H + cores) indicates that the stellar sources have not moved appreciably. Our definition of an associated stellar source may well omit some that have large initial motions and are now located too far outside the required core diameter to be considered associated with their natal cores. However, the large fraction of stellar sources found in close proximity to the cores (50%) suggests they do not move so quickly. Figure 3 shows the distribution of associated stellar sources as a function of their distance from the core peak intensity. The vertical dotted line corresponds to our limit on how far a stellar source can be from the N 2 H + peak and still be considered associated. The figure shows that the stellar sources are strongly peaked toward the N 2 H + intensity peak. This means that the stellar sources are not just a chance alignment, since we would expect a histogram that increases with the square of the distance for a truly random distribution. The stellar sources are typically within one radius of the core peak. The median size of all mapped cores is 0.09 pc. Thus, a star will need to travel at 0.09 km s À1 for 1 Myr to reach this radius. Such small velocities are smaller than the N 2 H + line width and thus suggest that these stellar sources, at least, are not moving with ballistic velocities.
Expected Core Motions
We can calculate the expected motions of a core based on typical values for core and envelope properties. The Appendix gives a derivation of the time taken to reach a certain core velocity with respect to the envelope, as well as the distance the core travels in that time. Here we assume a final core velocity of 0.1 km s À1 , which is a representative velocity of the core motions. We also assume that a typical column density in these regions is 4 ; 10 21 cm À2 . We calculate that the core will take 0.1 Myr to reach this velocity and will move 0.005 pc during this time. Thus, the distance traveled is too small for us to observe. Furthermore, the time taken to reach this speed is only $10% of the typical core lifetime, and it is unlikely that most of the cores we observed are in the first 10% of their lifetimes. Therefore, we conclude that the cores are not typically moving with respect to their envelopes and that they are likely to be held in place for a substantial fraction of their lifetimes.
We can speculate as to what might be the reason cores are held in place. One explanation is that there may be a pressure gradient across the core. In this case, the pressure gradient from the surrounding envelope can restrict movement of the core. It is unlikely that such a pressure gradient could be solely responsible for holding the core in place, because that would require the material between the core and the center of mass of the cloud (over a distance of up to a few parsecs) to be effectively in hydrostatic equilibrium.
A more likely explanation is that the cloud is not of a uniform density, but has substructure. One would expect to find a core within an overdense region or perhaps along a dense part of a filament. Thus, for our purposes, we can consider such an overdense region to be the same as the envelope surrounding the core. The core is therefore located in a local gravitational potential well ( LGPW ) created by the envelope. This LGPW is not the same as the potential well due to the whole star-forming cloud. However, the core cannot escape its LGPW and move toward the main center. Whether the envelope that creates the LGPW moves or not is beyond the scope of this paper, because there is no relative motion of the core with respect to its envelope. Therefore, there is no mechanism for the core to increase its accretion rate through ballistic motions.
We note that most of our sources can be considered isolated cores and that theoretical predictions of ballistic motions are restricted to cluster environments. However, we have observed 22 sources that appear in the Taurus, Perseus, Orion, or Ophiuchus complexes that also do not show any ballistic motions along the line of sight. For these objects, the gravitational field is much stronger because of the pull of the complex. All of these cores are within 5 pc of the center of mass of a $10 4 M complex. Therefore, we expect it will take $0.05 Myr for these cores to reach 0.1 km s À1 . Some of the cores are within 1 pc of the center of mass of a $10 3 M complex (e.g., Per 4A2 and Per 4A3, whose projected distance from NGC 1333 is only 0.6 pc and whose mass is at least 1450 M ; Ridge et al. 2003) . In these cases, it will only take $0.02 Myr to reach 0.1 km s À1 . Thus, unless these cores have existed for much less than their expected lifetimes, they do not move ballistically.
This analysis is based on the distance from the core to the center of mass in the plane of the sky, but the relative motions of the core/envelope are only measured along the line of sight. It is possible that all motion of a core is in the plane of the sky, and therefore we would not see it as a shift in line-center velocities. It is highly unlikely that this is the case for all cores observed in this paper, but we cannot rule this out for the relatively small number of cores (five) in a cluster environment. What is needed is a more in-depth study of a large number of objects within a cluster environment to test the prediction of ballistic motions. Such a study is planned in further work on the star-forming cluster NGC 1333.
SUMMARY AND CONCLUSIONS
We have surveyed 42 star-forming cores in the molecular line transitions of 13 CO (1-0), C 18 O (1-0), and N 2 H + (1-0). We have accurately determined line-center velocities for those cores with uncontaminated spectra and compared the differences in line-center velocities between the three species. The purpose of this comparison is to test the hypothesis that the mass of a star is largely determined by its ballistic motion (traced by N 2 H + cores) through the surrounding envelope (traced by the CO isotopes). We find little evidence for motions of the cores with respect to their surrounding envelopes; certainly less than the expected ballistic motions, which are comparable to the line width of the CO observations. We find associations between stellar sources traced by IRAS sources and N 2 H + cores to be common, and we find that the stellar sources are typically located close to the peak of the N 2 H + core. This suggests that stars themselves are not moving at appreciable velocities with respect to their natal cores.
We suggest that the reason no ballistic motions are seen in either the dense cores or the stellar sources with respect to the surrounding envelope is that both cores and stellar sources are located in a local gravitational potential well and are thus not able to move out of this well toward the center of mass of the star-forming cloud. It may be possible for the surrounding envelope (if it is creating the potential well) to move toward the center of mass, but this motion should not affect the accretion rate of the star inside.
We note that most of the cores observed in this survey are isolated and that much of the theory of moving accretion focuses on stars forming in a clustered environment. While we do include a small number of cores within clusters (no ballistic motions are observed), we suggest this work be extended to cover more cores in such clustered environments.
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